Monkeys with stereotaxic lesions of the amygdaloid complex that spared the surrounding cortex (i.e., the periamygdaloid, entorhinal, and perirhinal cortices) performed normally on the delayed nonmatching to sample task, as well as on 3 other memory tasks (object retention, concurrent discrimination, and delayed response) administered during the 1% years after surgery. These animals also performed normally on pattern discrimination and motor-skill learning, 2 tasks analogous to ones amnesic patients perform well. A second group of monkeys with conjoint lesions that included both the amygdaloid complex, as just described, and the hippocampal formation were impaired on the same 4 memory tasks. However, the severity of impairment in this group was no greater than in monkeys with lesions of the hippocampal formation alone. Thus, circumscribed bilateral lesions of the amygdala did not impair performance on 4 different memory tasks, nor did they exacerbate the memory impairment that followed hippocampal formation lesions alone. These findings suggest that one must look to structures other than the amygdala to account for the severe memory impairment that follows large lesions of the medial temporal region. One possibility is that damage to the cortical regions that surround the amygdala contributes to memory impairment.
Bilateral damage to the medial temporal region of the brain causes profound amnesia in humans (Scoville and Milner, 1957; Penfield and Milner, 1958) . One approach to determining which neural connections and structures in the medial temporal region must be damaged to produce amnesia is based on the recent development of an animal model of human amnesia in the monkey (Mishkin, 1982; Squire and Zola-Morgan, 1983; Mahut and Moss, 1984) . The lesion in the monkey that first established the animal model was intended to approximate the surgical removal sustained by the well-studied amnesic patient H.M. This lesion, which we have termed the H+A+ lesion involved the amygdala and the hippocampus (including the dentate gyrus and subicular complex), as well as adjacent cortical regions. In our notation, H refers to the hippocampus, A to the amygdala, and + to adjacent cortical tissue.
Monkeys with H+A+ lesions exhibit severe memory impairment on a number of tasks (Mishkin, 1978; Mahut et al., 198 1; Squire, 1984, 1985) that human amnesic pa tients also fail (Aggleton et al., 1988; . As in human amnesia, the impairment in monkeys is multimodal . It is also selective, because skillbased memory is intact (Zola-Morgan and Squire, 1984) , and it is enduring, remaining unchanged for at least 1 i/z years after surgery (Zola-Morgan and Squire, 1985) .
Significant memory impairment is also observed following less extensive damage to the medial temporal region. Thus, memory impairment is readily detected following bilateral damage limited to the hippocampal formation (Mahut et al., 1982; Zola-Morgan and Squire, 1985; Zola-Morgan et al., 1989) . This lesion (H+)-which involves the hippocampus, dentate gyrus, subicular complex, posterior entorhinal cortex, and much of the parahippocampal gyrus-produces less severe memory impairment than the H+A+ lesion (Mishkin, 1978; Zola-Morgan et al., 1989) . This finding is consistent with the fact that patient R.B., who had bilateral damage limited to the CA1 field of the hippocampus , was not as impaired as patient H.M., who had more extensive medial temporal lobe damage.
The question arises as to why the H+A+ lesion produces more memory impairment than the H+ lesion. One possibility is that severe memory impairment depends on damage to the amygdala, which occurs in the H+A+ lesion but not in the H+ lesion (Mishkin, 1978; Saunders et al., 1984; Bachevalier et al., 1985; Murray and Mishkin, 1986) . Recent neuroanatomical information supports the possibility that the amygdala could be important in cognitive functions. In addition to its substantial connections with the hypothalamus and the brain stem, the amygdaloid complex has prominent projections to the thalamus and neocortex, hippocampal formation, major portions of the striatum, and several cell groups of the basal forebrain including the cholinergic cells of the basal nucleus of Meynert. Thus, the amygdaloid complex appears to be an interface between hypothalamic and brain-stem structures and many limbic and neocortical regions (Weiskrantz, 1956; Gloor et al., 198 1; Mishkin and Aggleton, 1981; Mishkin, 1982 ; for review, see Amaral, 1987) .
Amygdala damage, however, is not the only component of the H+A+ lesion that distinguishes this lesion from the H+ lesion. The surgical procedure ordinarily used to remove the amygdala in monkeys involves an anterior approach that necessarily dam-ages cortical tissue such as the periamygdaloid, entorhinal, and perirhinal cortices, which are adjacent to the amygdala. All published histological descriptions of H+A+ lesions in the monkey that were made using an anterior surgical approach describe damage to adjacent extra-amygdala cortical regions. In addition, the surgical procedure used for patient H.M. (Scoville et al., 195 1) would also have resulted in damage to cortical tissue adjacent to the amygdala. Accordingly, it is difficult to conclude that damage to the amygdala itself is the reason why more severe impairment occurs following the H+A+ lesion than following the H+ lesion. The present study investigated the effects on memory of damage limited to the amygdala. We evaluated the severity of memory impairment in 2 new operated groups. One group of monkeys received a lesion that damaged all the components of the amygdaloid complex bilaterally but spared the surrounding cortex (the A lesion). A second group of monkeys received a bilateral lesion of the hippocampal formation in combination with a circumscribed lesion of the amygdaloid complex (the H+A lesion). The performance of these 2 groups was compared to the performance of a third group of previously studied monkeys (Zola-Morgan and Zola-Morgan et al., 1989) with lesions limited to the hippocampal formation (H+). These 3 groups and normal control group (N) were tested on the delayed nonmatching to sample task, which has become a standard task for evaluating memory in the monkey. They were also tested on 3 other tasks sensitive to human amnesia and on 2 tasks analogous to ones that amnesic patients perform well.
Materials and Methods Subjects
Twelve cynomolgus monkeys (Mucacafasciculuris) were used, all weighing between 3.7 and 4.5 kg at the beginning of the study. Based on weight-and-age tables (Hartley et al., 1984; Szabo and Cowan, 1984) , these monkeys were estimated to be 4-5 years old (young adults). The 12 monkeys belonged to 4 experimental groups (A, H+A, H+, and N). Three monkeys (all males) received bilateral lesions of the amygdala (A). These lesions were intended to spare cortical regions surrounding the amygdala, i.e., the anterior entorhinal cortex, perirhinal cortex, and periamygdaloid cortex. Three other male monkeys received bilateral conjoint lesions of the amygdala and hippocampal formation, including the hippocampus proper, the dentate gyrus, subicular complex, posterior entorhinal cortex, and parahippocampal gyrus (H'A). The damage to the hippocampal formation in this group was intended to approximate the damage in animals that were prepared for previous studies (cf . Mishkin, 1978; .
Three female monkeys received bilateral lesions limited to the hippocampal formation (H'). This lesion was the same as the lesion intended for the H+A group, as just described, except that the amygdala was spared. Behavioral data for this group have been presented as part of 2 previous reports (Zola-Morgan and Zola-Morgan et al., 1989) . Finally, 3 monkeys (2 males, 1 female) were unoperated and comprised a normal control group (N). Behavioral data for these monkeys were also reported previously (Zola-Morgan et al., 1989) . Monkeys were maintained on a daily ration of Purina Monkey Chow, supplemented with fruit and chewable vitamin C tablets (250 mg).
Surgery
All surgery was performed under sodium pentobarbital anesthesia (30 mgkg). Figure 1 illustrates the intended lesions for each ofthe 3 operated groups. Lesions of the amygdala were made using a stereotaxic approach. A radio frequency (rf) lesion maker (Grass, model LM-2) was used in combination with a specially designed electrode, 0.5 mm in diameter, with a tapered tip exposed for 2 mm. Lesion parameters were first established in 2 pilot animals. With the monkey's head held in the stereotaxic instrument, a small dental burr was used to thin the skull along the midline at AP 17.5 (Szabo and Cowan, 1984) until the sagittal sinus could be viewed. The electrode tip was then positioned at the middle of the width of the sinus, and the mediolateral 0 point was recorded. The AP and ML coordinates for positioning the electrode were determined from the atlas of Szabo and Cowan (1984) . Two small craniotomies were then made, one on each side of the midline, centered approximately 9 mm lateral to the sinus. The openings extended for 10 mm in the anterior-posterior direction and 5 mm in the mediolateral direction. A dural flap was made, and the tip of the rf electrode was then positioned over one of the openings. Landmarks at the base of the cranium predict the position of forebrain structures such as the amygdala more accurately than the position of the auditory meatus (Aggleton and Passingham, 198 1; Szabo and Cowan, 1984; Aggleton, 1985) . Accordingly, the rf electrode was lowered to the base of the cranium, and the dorsal-ventral (DV) coordinates for the amygdala lesion were calculated relative to the base of the cranium. Four lesions of the amygdala were made on each side of the brain. Separate lesions were made &the dorsal (AP 18.5: ML 9.5: DV -6.5 above the ventral surface of the brain) and in the ventral (AP 18.5; ML 9.5; DV -4.0) portions of the anterior extent of the amygdala, and separate lesions were made in the dorsal (AP 17.0: ML 9.0: DV -6.5) and ventral (AP 17.0: ML 910: DV -4.0) portions of the posterior extent of the amygdala. At each coordinate, the tip of the electrode was brought to a temperature of approximately 80°C for 45 sec.
For the H+A lesions, monkeys first sustained bilateral rf lesions of the amygdala, as described above. When the amygdala lesions were completed, the monkeys were transferred to a specially designed headholder that permitted unobstructed access to the temporal portion of the head. The temporal muscles on each side were fully retracted, the zygomatic arch was removed, and openings were made on each side of the skull to expose the lateral portion of the temporal lobe. The hippocampus on each side was approached by elevating the occipitotemporal convexity and entering the brain medial to the occipitotemporal sulcus and caudal to the entorhinal cortex. The hippocampus, including dentate gyrus and subicular complex, was removed. The removal was also intended to include most ofthe parahippocampal gyrus (area TF-TH of Bonin and Bailev. 1947 ) and the oosterior half of the entorhinal cortex. The upper' surface of the lateral ventricle served as an identifiable dorsal boundary along the entire length of the removal. Care was taken to avoid damaging the anterior portion of the entorhinal cortex, i.e., the region beneath the amygdala and the perirhinal cortex.
The procedure for making the lesions in the H+ group (Zola-Morgan and Zola-Morgan et al., 1989) was the same as was used for making the hippocampal lesions in the H+A group. For all monkeys, the dura, muscle, and skin were sutured following achievement of hemostasis. During postoperative recovery, monkeys were placed in a specially designed incubator for 24-72 hr and were then returned to their home cages.
Behavioral testing
Monkeys were allowed 6-8 weeks of recovery prior to the start of behavioral testing. All testing was carried out in a Wisconsin General Test Apparatus (Harlow and Bromer, 1938) . During 4-6 sessions of pretraining, monkeys learned to obtain food by displacing objects that covered any of 3 food wells located on a stimulus tray in front of the testing chamber. Seven different tasks (described in detail in Zola-Morgan and Squire, 1984 Squire, , 1985 were administered to all monkeys in the order listed below.
1. Trial-Unique delayed nonmatching to sample. Monkeys first displaced an object covering the central food well to obtain a raisin reward, and an opaque door was lowered to block the monkey's view of the food wells. After 8 set monkeys saw 2 objects, the original object and a new one, which covered the 2 lateral food wells. They displaced the new object to obtain the raisin. The position of the correct object (left or right) varied on each trial according to a pseudo-random schedule (Gellerman, 1933) . Twenty such trials were presented daily with an intertrial interval of 20 sec. Each trial used a new pair of objects, selected randomly from a collection of more than 300 junk objects. After reaching the learning criterion of 90 correct choices in 100 trials, monkeys were tested with successively longer delays of 15 set, 60 set, and then 10 min between the sample and choice trials. One hundred trials were given at the 15 and 60 set delays; 50 trials were given at the 10 min delay. Twenty trials were given daily for the 15 and 60 set delays, and 5 trials were given daily for the 10 min delay.
2. Pattern discrimination. Monkeys were next tested on 2 pattern discrimination tasks. For these tasks cues of color, size, and 3 dimen-Intended Lesions Figure 1 . Representative cross sections through the temporal lobes, illustrating the intended lesions in the A group (light stipple), the H+ group (dark stipple), and the H+A group (light and dark stipple). Numerals beneath the coronal sections indicate the approximate distance (in mm) from the interaural plane and correspond to those on the lateral view. (Atlas drawings based on Szabo and Cowan, 1984.) sional shape were not available. In the first task, monkeys learned to discriminate a plus sign from a square, and in the second task, they learned to discriminate an N from a W. A correct choice uncovered a raisin reward, and an incorrect choice uncovered an empty food well. The position of the correct plaque (over the left or right lateral food wells) was determined by a Gellerman sequence. Training continued until animals achieved a learning criterion of at least 90% correct performance or better on 2 consecutive days. Twenty trials per day were administered for the first task, and 30 trials per day were administered for the second task.
neously. Specifically, on each trial one pair of objects was presented over the lateral food wells, and during the course of each daily testing session of 40 trials, every pair was presented 5 times. The intertrial interval was 15 sec. The same object of a pair was always correct each time it was presented. The position of the correct object (left or right) was determined by a Gellerman sequence, and a raisin reward was always concealed under the correct object. Testing continued until a learning criterion of 39 correct responses in 40 consecutive trials was achieved during one test session.
3. Delayed retention of object discriminations. Monkeys learned 4 separate 2-choice object-discrimination tasks. Each discrimination pair consisted of distinctive objects that could be learned by normal monkeys in a single session. Each discrimination task was administered for 2 daily sessions of 20 trials each, with an intertrial interval of 15 sec. Following a 2 d delay, an additional session of 20 trials was given. The correct stimulus object appeared over the left and right food wells in a Gellerman sequence, and a raisin reward was always concealed under the correct object. Between 5-7 d intervened between each of the 4 discrimination problems.
4. Concurrent discrimination learning. Eight pairs ofjunk objects were used. The pairs were presented in an intermingled fashion during each testing session so that all 8 discriminations had to be learned simulta-5. Delayed response with and without distraction. Testing proceeded in 2 phases, basic training and then testing with delays. Basic training was as follows: With the opaque door in the raised position, 1 of the 2 lateral food wells was baited with a raisin reward while the monkey watched. Both food wells were then covered by identical square black plaques. The opaque screen was then lowered between the monkey and the food wells. After a delay of approximately 8 set, the opaque screen was raised, and the monkey was allowed to choose between the 2 covered food wells. Monkeys were tested for 20 trials a day to a learning criterion of 90 correct responses in 100 consecutive trials. The intertrial interval was 20 sec. Testing on delays (with and without distraction) was accomplished as follows: Monkeys were tested with short (15 set) and long (30 set) delays, beginning on the day after criterion was reached on the basic task. Five conditions (8 set-no distraction; 15 set-no dis-traction; 15 set-distraction; 30 set-no distraction; 30 sec-distraction) were presented in daily sessions of 25 trials. Each condition occurred randomly 5 times a day. A total of 10 daily sessions was administered for a total of 50 trials in each condition. For the 3 nodistraction conditions, testing was the same as in basic training except that the delay could be 8, 15, or 30 sec. For the 2 distraction conditions, the plaques and the bait were quickly removed and a distracting event was introduced during the delay interval. The distracting event consisted of the presentation of an irrelevant junk object (once during the 15 set delays or 3 times during the 30 set delays), which monkeys could displace to obtain a raisin reward. The same object was used as the distractor throughout testing.
6. Delayed nonmatching to sample retest. Monkeys were retested on delayed nonmatching to sample (see test 1, above). The average interval between tests 1 and 7 was 21 months. The normal monkeys were not given this retest.
7. Lifesaver motor-skill task. This task was adapted from one described by Davis et al. (1956) . Monkeys learned to obtain an edible Lifesaver candy by maneuvering it a distance of 4 inches along a metal rod and around a right-angle turn for a distance of 1.5 inches. Prior to formal testing, monkeys were first pretrained to retrieve the candy Lifesaver when it was placed directly at the end of the metal rod and could be removed without difficulty. For formal testing, 6 trials a day were given in which the monkey was allowed 30 set to retrieve the Lifesaver by maneuvering it from the center of the rod, around the bend, and off the end of the rod. If 30 set elapsed before the monkey obtained the Lifesaver, the opaque door was lowered and the trial was reset with the Lifesaver at the center of the rod. Sessions were given every other day, for a total of 8 sessions. One month after the 8th learning session, monkeys were retested by giving them 2 additional sessions on 2 consecutive days.
Histological evaluation After completion of testing, operated monkeys were killed with an overdose of Nembutal and perfused with 0.9% saline and 10% buffered formalin. The brains were removed, blocked, dehydrated, and embedded in albumin. Frozen sections were cut in the coronal plane at a thickness of 50 Km. Every fifth section through the area of the lesion was mounted on a glass slide and stained with thionin.
Results

Histological findings
Lesions of the amygdala Two of the animals in this group had extensive bilateral damage to the amygdaloid complex with only minor damage to surrounding areas (Fig. 3) . In a third animal, the lesion was more posteriorly and medially placed so that there was sparing of the rostra1 pole of the amygdala bilaterally and of the lateral nucleus at more caudal levels.
Animal A 1 had the most complete and selective lesion of the amygdaloid complex (Figs. 2 and 3) . The lesion began at the rostra1 pole of the amygdala but spared the rostrally adjacent perirhinal cortex and the medially adjacent periamygdaloid cortex. For much of the rostrocaudal extent of the amygdala, the lesion eliminated approximately three-fourths of its mediolatera1 extent and removed most of the lateral, basal, and accessory basal nuclei. There was some sparing of the anterior and medial portions of the accessory basal nucleus on the right side. The central nucleus was damaged bilaterally. The lesion closely apposed the laterally adjacent white matter but did not appear to invade it appreciably. Only the surface regions of the amygdala, including the cortical and medial nuclei and the periamygdaloid cortex, remained intact bilaterally. The lesion extended only slightly beneath the amygdala so that there was only minor direct damage to the entorhinal and perirhinal cortices. The damage did extend caudal to the amygdala (more on the left side than on the right), and the anterior pole of the hippocampus and dentate gyrus were bilaterally damaged.
In animal A2, the lesion was similar in size to that of animal A 1 but was positioned more ventrally and medially. The amygdaloid damage extended throughout the full rostrocaudal extent of the amygdala and involved most of the lateral, basal, and accessory basal nuclei bilaterally. Structures on the medial surface of the amygdala were spared on the left and were partially damaged on the right. There was some slight sparing of the lateral nucleus on the right side and of the parvicellular portion of the basal nucleus on the left. Caudally, the central nucleus was spared bilaterally. The lesion extended below the amygdala bilaterally, reaching the fundus of the rhinal sulcus and damaging the subjacent perirhinal cortex and the most lateral aspect of the entorhinal cortex. The lesion also extended caudal to the amygdala and damaged the rostra1 pole of the hippocampus and dentate gyrus bilaterally.
The lesion in the third animal (A3) was placed more caudally and medially than in the other animals. The anterior pole of the amygdala was intact bilaterally (accounting for approximately one-third of its rostrocaudal extent). Throughout the caudal two-thirds of the amygdala, the basal and accessory basal nuclei were damaged bilaterally, but there was some sparing of the lateral nucleus bilaterally. The central nucleus was damaged bilaterally. The lesion did not extend lateral or ventral to the amygdala but did extend caudal to it and bilaterally damaged the rostra1 pole of the hippocampus and dentate gyrus.
Combined lesions of the hippocampus and amygdala The damage in the 3 monkeys in the H+A group is illustrated in Figure 4 . Animal H+Al had an extensive bilateral lesion of the amygdaloid complex and a fairly complete bilateral removal of the dentate gyrus, hippocampus, and subicular complex. The lesion of the amygdala extended throughout its rostrocaudal extent and was similar in size to that in animals Al and A2. On the right side, a small portion of the lateral nucleus was spared, but the other deep nuclei, as well as much of the medial surface, were eliminated. On the left side, the deep nuclei were all extensively damaged, and only a thin strip of the medial surface, consisting primarily of periamygdaloid cortex, remained intact. The perirhinal cortex located rostra1 and ventral to the amygdala was not directly involved by the lesion. The subjacent entorhinal cortex was not directly damaged, though the cells of layer II were nearly completely depopulated through retrograde neuronal degeneration as the result of the elimination of their terminal field in the dentate gyrus. The body of the hippocampus and dentate gyrus were bilaterally eliminated for most of their rostrocaudal extent, though about 2 mm of these fields was spared caudally. At rostra1 levels of the hippocampal formation on the right side, there was some sparing of the medial portion of the hippocampus and dentate gyrus. The subicular complex was damaged bilaterally, though at least some of the rostra1 subiculum and presubiculum was spared. There was little or no direct involvement of the entorhinal cortex by the lesion. However, as noted above, layer II was nearly entirely eliminated through retrograde cell degeneration. Anterior portions of the parahippocampal gyrus were damaged, but the caudal two-thirds of areas TF and TH were spared. In the second animal (H+A2), the lesion also extended throughout much of the rostrocaudal extent of the amygdala. The lesion was larger on the left side than on the right, and on the left there were no identifiable amygdaloid nuclei spared. All fields of the hippocampal formation on the left side were nearly completely eliminated by the lesion. Only the caudal-most 2 Figure 2 . Representative Nissl-stained coronal sections through the amygdaloid complex in animal Al. Sections are arranged from rostra1 (A) to caudal (F). The lesion involves much ofthe rostrocaudal and mediolateral extent ofthe amygdala. Only superficial regions, such as the periamygdaloid cortex, are preserved on both sides, and a small amount of the accessory basal nucleus is also preserved on the right side. The lesion extends into the rostra1 pole of the hippocampus and dentate gyrus (H). The arrow on the left side of each panel indicates the entorhinal cortex that was not damaged by the lesion, and the asterisk marks the rhinal sulcus. Scale bar, 10 mm. trocaudal level, the dorsal aspect of the hippocampus and denthe hippocampal formation on the left side was almost comtate gyrus were directly involved by the lesion. The fornix was pletely eliminated, the rostra1 half of the right hippocampus was also transected at this level. The caudal third ofthe hippocampus largely intact. However, because the fornix was transected on and dentate gyrus were directly eliminated by the suction ablathe right side and the caudal half of the hippocampus and dentate tion. In summary, in this animal the amygdala was damaged gyrus were directly damaged, the hippocampal formation was bilaterally, but the lesion was complicated by the fact that while likely to have been substantially compromised bilaterally.
In the third animal (H+A3), the lesion involved the caudal third of the amygdaloid complex, and at this level only the basal nucleus was completely eliminated. The subjacent entorhinal and perirhinal cortices were not involved in the lesion. At the rostra1 pole of the hippocampal formation, the entorhinal cortex was eliminated on the right side but was preserved on the left. All other fields of the hippocampal formation (aside from a small remnant of medial or uncal hippocampus) were entirely removed bilaterally. The removal was complete throughout much of the rostrocaudal extent of the hippocampal formation. Approximately 0.5 mm of the caudal hippocampus and dentate gyrus were spared on the left side and approximately 1.5 mm on the right side. The perirhinal cortex was largely uninvolved in the lesion. The parahippocampal gyrus was damaged bilaterally.
Lesions of the hippocampus The lesions in these animals were described previously (ZolaMorgan et al., 1989) . Here, we summarize the damage (Fig. 5) . Monkeys H+ 1 and H+2 sustained complete bilateral hippocampal removals. The rostra1 third of the entorhinal cortex was intact in both cases, but layer II was eliminated through retrograde degeneration. The posterior portion of the entorhinal cortex was directly damaged, and the lesion extended laterally to encompass the parahippocampal gyrus bilaterally. In H+l the amygdaloid complex was intact, in H+2 there was only very minor damage to the caudal pole of the amygdala. In both animals, the fimbria were shrunken and gliotic. Monkey H+3 had a smaller lesion involving about half of the hippocampal 90  83  440  80  -2  89  87  480  75  -3  81  84  680  64  -Mean  87  85  533  73  -A  1  83  88  360  72  92  2  84  84  520  77  84  3  87  82  380  78  89  Mean  85  85  420  76  88  H'A  1  77  75  720  69  75  2  69  66  720  63  77  3  79  76  520  58  79  Mean  75  72  653  63  77  H'  1  74  75  760  53  76  2  77  72  720  63  82  3  82  80  880  62  84   Mean   78  76  787  59  81 The score for the delayed nonmatching task and for the retest of the delayed nonmatching task is the percent correct score averaged across 3 delays (15 set, 60 set, and 10 min). The score for the object-retention task is the percent correct score averaged across 3 test days. The score for concurrent discrimination is the number of trials required to reach the learning criterion. The score for the delayed response task is the percent correct score averaged across 2 delays (15 and 30 set) and 2 distraction conditions (with and without). N, normal monkeys; A, monkeys with circumscribed lesions of the amygdala; H'A, monkeys with circumscribed lesions of the amygdala plus lesions of the hippocampal formation; H+, monkeys with lesions of the hippocampal formation. formation bilaterally. Approximately the anterior 30% of the hippocampal formation and the posterior 20% were uninvolved by the ablation. The entorhinal cortex was intact, but there was partial loss of layer II cells. There was also bilateral damage of the parahippocampal gyms, but this was not as extensive as in the other 2 monkeys. The amygdaloid complex was not involved by the lesion, but at caudal levels the ablation exceeded the dorsal limit of the ventricle and directly damaged the tail of the caudate nucleus, the lateral geniculate nucleus, and the optic radiations bilaterally.
Summary of histological findings
In the A group, 2 animals had nearly complete bilateral lesions of the amygdala with minimal damage to the adjacent perirhinal and entorhinal cortices and the laterally adjacent temporal neocortex. Spared amygdaloid tissue consisted primarily of superficial regions, including the cortical and medial nuclei, the periamygdaloid cortex, and the amygdalohippocampal area. In the third animal the lesion was somewhat smaller and spared much of the anterior third of the amygdala. In all cases, damage extended into the rostra1 pole of the hippocampal formation. In the H+A group, 2 animals had selective and extensive bilateral damage of the amygdala much like that in the A group. One of these animals had nearly a complete bilateral removal of the hippocampus and dentate gyrus with only a small caudal portion of these areas spared. The second animal had sparing of the rostra1 half of the hippocampus and dentate gyrus on one side, but the posterior half of these fields was removed and the fornix was transected. The third animal had a complete bilateral removal of the hippocampus and dentate gyrus but a relatively limited bilateral lesion of the posterior third of the amygdala. In the H+ group, 2 animals had nearly complete bilateral removals of the hippocampal formation, while the third animal had bilateral damage confined to the midportion of the hippocampus.
Behavioral findings
Although the analysis of the behavioral data focuses on group scores, it should be noted that the average scores for each group on the tasks sensitive to amnesia are not appreciably changed by excluding the 2 animals (A3, H+A3) whose amygdala damage was incomplete (Tables 1, 2) . Similarly, the average scores for each group are not noticeably changed by excluding the 2 animals with incomplete damage to the hippocampal formation (H'A2, H+3).
Delayed nonmatching to sample
The 4 groups were only marginally different in their ability to learn the basic task with a delay of 8 set (F[3,8] = 2.9, p = 0.10). Figure 6A shows that the normal group and the A group required a mean of only 147 trials and 213 trials, respectively, to reach learning criterion on the basic task (t[4] = 1.7, p > 0.10). The H+ group required a mean of 540 trials, and the H+A group required a mean of 707 trials (N vs H+: t[4] = 2.3, p < 0.07; N vs H+A: t[4] = 2.1, p < 0.08; A vs H+ and A vs H+A: ts < 1.9, ps > 0.10). The H+A group was no more impaired than the H+ group (t[4] = 0.5, p > 0.10). Figure 6B shows performance as the delay was increased from 8 set to 10 min, and Tables 1 and 2 show individual scores for this task. An analysis of variance involving all 4 groups and the 3 longest delays (15 set, 60 set, and 10 min) revealed a significant effect of group (F[3,8] = 4.8, p < 0.05), delay (F[2,16] = 22.5, p < 0.001) and a group x delay interaction that fell just short of significance (F[6,16] = 2.3, p = 0.08). Separate comparisons based on each group's score across these 3 delays revealed that the H+ group and the H+A group were impaired relative to both the normal group and the A group (all ts > 2.7, ps -C 0.05). The H+ and H+A groups were not distinguishable from each other 
Pattern discrimination
The 2 pattern-discrimination problems proved to be equally difficult. Accordingly, for each monkey, the number of trials required to learn the first problem and the number of trials required to learn the second problem were averaged together (Fig. 7) . None of the operated groups differed from normal monkeys in terms of the number of trials required to learn the pattern discriminations (all ps > 0.10).
In a previous study (Zola-Morgan and Squire, 1984 ) monkeys with conjoint hippocampal-amygdala lesions (here termed H+A+) also performed well on these same 2 pattern-discrimination tasks but performed poorly on the first few trials of each testing day. In another study, which involved 8 monkeys with lesions of the hippocampal formation, including the 3 H+ monkeys of the present study performance was also poor on the first few trials of these same pattern-discrimination tasks. It has been suggested that this impairment, which could always be observed during the first 5 trials of each testing day, reflects a component of the task that is not skilllike (see Zola-Morgan and Squire, 1984) . Accordingly, in the present study we analyzed separately the scores for the first 5 trials of each test day and the scores for the remaining trials of each test day.
The 4 groups differed in their performance on the first 5 trials ofeach test day (F[3,8] = 50.8,~ < 0.001). Mean percent correct during the first 5 trials of all testing sessions was N = 77%, A = 74%, H+ = 53%, H+A = 55%. Separate comparison between groups showed that monkeys with A lesions performed normally (N vs A: t[4] = 0.80, p > 0.10). Monkeys with H+ lesions and monkeys with H+A lesions were impaired relative to the performance of normal monkeys (N vs H+: p < 0.00 1; N vs H+A: p < 0.00 1) and also relative to the performance of monkeys in the A group (ps < 0.05). Monkeys with H+ lesions and H+A lesions obtained similar scores (p > 0.10). During the remaining trials of each test day, all groups performed similarly (N = 69%, A = 73%, H+ = 67%, H+A = 67%). These findings support the suggestion that performance at the beginning of each test day during pattern-discrimination learning depends on a kind of memory that is sensitive to amnesia (Zola-Morgan and Squire, 1984) . In summary, all the operated groups performed normally A H+A H+ L Figure 9 . Performance on the S-pair concurrent task by normal monkeys (iv), by monkeys with lesions of the hippocampal formation (H+) or the amygdala (A), and by monkeys with conjoint lesions of the hippocampal formation and the amygdala (H+A). Symbols show scores for individual monkeys.
overall on the 2 pattern-discrimination tasks, but the H+ and the H+A groups were significantly and comparably impaired on the first few trials of each test day.
Delayed retention of object discriminations
The data for all 4 discriminations were averaged together, and the mean percent correct score was calculated for each day of testing (Fig. 8) Another way to describe these data is to note that all monkeys were eventually able to achieve a run of 9 out of 10 correct trials by the end of Day 2. The normal group and the A group required a median of 9 and 10 trials, respectively, to learn the 4 tasks (medians are used here to permit direct comparison with the findings reported in Zola-Morgan and Squire, 1985, and in ZolaMorgan et al., 1989 ) H+ monkeys required 20 trials, and H+A monkeys required 21 trials. By this measure, both the H+ group and the H+A group performed worse than the N and A groups (ts > 2.6, ps < 0.06). In addition, having achieved a high level of performance by the end of Day 2, both the H+ and the H+A animals performed worse on Day 4 than either the N or the A groups (mean percent correct: N = 92, A = 9 1, H+A = 80, H+ = 79; ts > 2.9, ps < 0.05). In summary, the H+ and the H+A groups were comparably impaired on the object-discrimination task, but the A group performed normally. Table 2 . An analysis of variance revealed a significant group effect (F[3,8] = 6.7, p < 0.05). Further comparisons between groups showed that the monkeys with A lesions performed similarly to normal animals (t[4] = 1.3, p > 0.10). Monkeys with H+ lesions were impaired relative to both the N and A groups (ts > 2.8, ps < 0.05). The comparison between the H+A group and the normal group did not reach statistical significance 0, > 0.10); however, like the H+ group, the H+A group performed significantly worse than the A group (p < 0.05). Monkeys with H+A lesions performed similarly to the H+ monkeys (p > 0.10). Figure 10A shows the number of trials required to learn the basic task at a delay of 8 set (means: N = 280 trials, A = 473 trials, H+ = 347 trials, H+A = 747 trials). Separate comparisons showed that the H+A group performed more poorly than the N group (t[4] = 3.2, p < 0.05) and marginally more poorly than the H+ group (t[4] = 2.6, p < 0.06). None of the other comparisons were significant (ps > 0.01). Figure 10B shows the effects of increasing the delay interval with and without a distracting event interposed during the delays. A 3-way analysis of variance [4 groups, 2 conditions (distraction and no distraction), and 2 delays (15 and 30 set)] revealed significant effects of group (fl3,6] = 4.9, p < 0.05), condition (E;[1,6] = 190.4, p < 0.0 l), and delay (F[ 1,6] = 133.9, p < 0.01). There were no significant interactions (Fs -C 2.5, ps > 0.10). These findings show that the 4 groups differed from each other, that performance on the distraction trials was worse overall than on the no-distraction trials, and that performance on 30 set delay trials was worse overall than performance on 15 set delay trials.
Separate comparisions showed that monkeys with A lesions performed normally overall (Table 2) 6. Delayed nonmatching to sample retest Except for the normal monkeys, monkeys were given delayed nonmatching to sample a second time, approximately 1.5-2 years after it had first been given (range, 18-26 months) . Immediately prior to this second test, the N and the H+ groups keys in the present study and monkeys who had sustained large, bilateral medial temporal resections (the H+A+ lesion) that included the amygdala Figure 12 . Acquisition of the Lifesaver motor-skill task by normal and the hippocampus, as well as surrounding cortical regions, i.e., the monkeys (IV), by monkeys with lesions of the hippocampal formation perirhinal cortex, the entorhinal cortex, and the parahippocampal gyrus (H+) or the amygdala (A), and by monkeys with conjoint lesions of the (Zola-Morgan and Squire, 1985) . The H+A+ group was impaired (on hippocampus and the amygdala (H+A).
the 3 longest delays) relative to every other gorup in the present study.
had been given a different version of the delayed nonmatching to sample task that included a distracting event introduced during some of the delay trials (Zola-Morgan et al., 1989) . Figure 11A shows the mean number of trials required to reach learning criterion on the basic (8 set) task the first (white bars) and second (black bars) times it was given. All groups showed improved learning scores from the first to the second testing. The H+A group performed more poorly than the A group and the H+ group (ts > 2.6; p < 0.05). Figure 11B shows the effect of increasing the delay interval. An analysis of variance involving 3 groups and 3 delays (15 set, 60 set, and 10 min) revealed a significant effect of group (F[2,6] = 8.9, p < 0.05) delay (F[2,12] = 17.5, p < O.OOl), and a group x delay interaction (F[2,12] = 3.1, p = < 0.05). Separate comparisons between the 3 operated groups, with their scores averaged across the 3 delays (Table 2) On this test, the 3 operated groups performed about the same as they had 1.5-2 years earlier. A 3-way analysis of variance (3 groups, 2 time periods, and 3 delays) revealed significant effects of group and delay (Fs[2,6] > 9.0, ps < 0.01) but no significant effect of time period (F[1,6] = 4.8, p > 0.05). When the test was first given, the normal group scored 87% correct, averaged across the 3 longest delays. The H+ group scored 78% correct on the first test and 81% correct on the second test; the H+A group scored 75% correct and then 77% correct; and the A group scored 85% correct and then 88% correct.
7. Lifesaver motor-skill All groups learned the Lifesaver task at a normal rate (Fig. 12) . A 2-way analysis of variance involving 4 groups and 8 test days revealed a significant effect of session (F[7,56] = 26.2, p < 0.00 l), indicating that performance improved across test days.
However, there was no effect of group and no significant group x session interaction (Es < 0.88, ps > 0.50). One month after the final session of initial learning, all groups performed equivalently (F[3,8] = 1.53, p > 0.10).
Further analyses of acquisition and retention performance by each group could not distinguish the normal monkeys from any operated group. For example, the mean number of seconds required to retrieve the Lifesaver on the first trial of each day was similar across groups (N = 13.2 set, A = 14.0 set, H+ = 11.8 set, H+A = 14.9 set).
Discussion
Monkeys with bilateral lesions of the amygdaloid complex, without damage to the surrounding cortex (the A lesion), performed normally on the delayed nonmatching to sample task, as well as on 3 other memory tasks (object retention, concurrent discrimination, and delayed response) administered during the 1% years after surgery. These animals also performed normally on pattern-discrimination and motor-skill learning, 2 tasks analogous to ones that amnesic patients perform well.
A second group of monkeys with bilateral lesions of the hippocampal formation, in combination with the circumscribed amygdala lesion (the H+A lesion), were impaired on the delayed nonmatching to sample task, as well as on object retention, concurrent discrimination, and delayed response. However, the impairment was no greater than in monkeys with lesions of the hippocampal formation alone (the H+ lesion).
The performance scores for all the amnesia-sensitive tasks are presented in Table 2 . The difference between the scores of the H+A group and the H+ group did not approach significance for any of the 5 performance measures. On 2 of the measures (concurrent discrimination, delayed response), the most impaired scores were obtained by monkeys in the H+ group. On 3 of the measures (delayed' nonmatching, object retention, delayed nonmatching retest), the most impaired scores were obtained by monkeys in the H+A group. The H+A group did per-form more poorly than the H+ group during the learning portion of 2 of the amnesia-sensitive tasks (delayed response and relearning of delayed nonmatching to sample). It is not clear why the addition ofthe A lesion to the H+ lesion affected performance on these 2 learning tasks. The additional A lesion did not affect performance on the delay portion of these tasks and did not affect the other performance measures. Figure 13 compares the performance on the delayed nonmatching to sample task of the monkeys in the present study and 4 monkeys studied previously with larger medial temporal removals (H+A+). Separate comparisons between the 3 operated groups (H+, H+A, H+A+), averaging scores across the 3 longest delays, showed that the H+ group (mean, 78% correct) and the H+A group (mean, 75% correct) each performed significantly better than the H+A+ group (mean, 61% correct; ps < 0.01).
The finding of normal performance by the A group on the delayed nonmatching to sample task may at first appear at odds with previous reports of mild to moderate impairment on this task following bilateral amygdala lesions (Mishkin, 1978; Murray and Mishkin, 1984; Saunders et al., 1984) . In these studies, the amygdala was approached by elevating the frontal poles with the intent of entering the brain at the frontotemporal junction, medial to the rhinal sulcus. As verified by the neurohistological findings, periamygdaloid cortex as well as the anterior portion of the entorhinal cortex were extensively damaged. In addition, it is likely that the adjacent perirhinal cortex also sustained damage .
In the present study, the amygdaloid lesions were made using a stereotaxic approach in combination with a radio frequency lesion maker. In this way, nearly complete lesions of the amygdala were accomplished while sparing the surrounding cortical regions. Monkeys with these lesions were unimpaired on the delayed nonmatching to sample task when it was administered in the same way as in the previous studies. These findings, taken together, suggest that the memory impairment observed previously may be attributable to damage of the cortical regions surrounding the amygdala rather than to direct damage of the amygdala itself. This idea is supported by the present finding that monkeys with the H+A lesion were no more impaired than monkeys with removals of the hippocampal formation alone (H+). That is, addition of a circumscribed amygdala lesion to a hippocampal lesion did not exacerbate the impairment.
Although damage to the amygdala did not impair memory, the damage did have other behavioral effects. All the operated monkeys in the present study were also involved in a separate study of emotional reactivity (Alvarez-Roy0 et al., 1988) . Emotional reactivity was assessed by rating the responses to a series of inanimate objects presented to the monkeys in their home cages. Every animal in the A and H+A groups exhibited elevated reactivity to the stimulus objects, and they were more reactive than every H+ animal. The H+ group also exhibited mildly increased reactivity, as compared with a separate group of unoperated monkeys. Thus, the amygdala lesions did not impair memory but did exert other readily detectable behavioral effects.
We conclude that circumscribed bilateral lesions of the amygdala do not impair memory on several tests. Also, adding a selective amygdala lesion to bilateral hippocampal formation damage does not exacerbate the memory impairment produced by the hippocampal formation lesion alone. Studies of memory in monkeys with large medial temporal removals (e.g., the H+A+ removal) have typically emphasized the importance of both the hippocampus and the amygdala. The present findings suggest that one must look to structures other than the amygdala to account for the severe memory impairment that follows the H+A+ lesion. One possibility is that damage to the cortical regions that surround the amygdala contributes significantly to memory impairment. By this view, damage to these cortical regions contributes to the H+A+ deficit, not damage to the amygdala itself. Consistent with this idea, rather severe memory impairment was observed following lesions of the amygdala made in combination with intended damage to the entorhinal and perirhinal cortex (Murray and Mishkin, 1986) . These lesions were intended to be more extensive than the amygdala lesions described in earlier studies (e.g., Murray and Mishkin, 1984) .
Recent neuroanatomical studies suggest why damage to the entorhinal and perirhinal cortices could have an impact on memory. The perirhinal cortex and parahippocampal gyrus provide the major source of cortical input to the entorhinal cortex (Insausti et al., 1987) which originates the major projection (the perforant pathway) to the hippocampus and dentate gyrus. Thus, these structures together provide the major system by which information is exchanged between neocortex and the hippocampus. If these structures and connections are the important ones for memory functions of the kind impaired in human amnesia , then damage to the perirhinal cortex and parahippocampal gyrus alone, without direct damage to the entorhinal cortex, hippocampus, or amygdala, might be expected to produce a severe deficit in memory. Recent evidence shows that such a lesion does produce memory impairment, which is as severe or more severe than the level of impairment associated with H+A+ lesions .
While the present results raise some question about the role of the amygdala in memory, they are nonetheless entirely consistent with the idea that the amygdala plays an important role in other cognitive functions. For example, a number of studies suggest that the amygdala is important in establishing associations between a stimulus and its affective components (Mishkin and Aggleton, 198 1; Gaffan and Harrison, 1987) and in bringing together information from different modalities (Murray and Mishkin, 1985) .
